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A  mesoporous  carbon  sphere  with  the  uniform  channels  (OMC)  is  employed  as  the  conductive  matrix  in 
the  sulfur  cathode  for  the  lithium  sulfur  battery  based  on  all-solid-state  PEO18Li(CF3SO2)2N-10  wt%Si02 
electrolyte.  Cyclic  voltammograms  (CV)  and  electrochemical  impedance  spectrum  (EIS)  suggest  that 
the  electrochemical  stability  of  the  S-OMCs  is  obviously  superior  to  the  pristine  sulfur  cathode.  The 
S-OMCs  composite  shows  excellent  cycling  performance  with  a  reversible  discharge  capacity  of  about 
800  mAh  g-1  after  25  cycles.  This  would  be  attributed  to  an  appropriate  conductive  structure  in  which 
the  active  sulfur  is  highly  dispersed  in  and  contacted  with  the  OMCs  matrix. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

From  portable  batteries  for  small-size  electronic  devices  and 
power  sources  for  electrical  vehicles,  there  has  been  strong  incen¬ 
tive  to  develop  a  high  specific  energy  lithium  battery.  Lithium  sulfur 
battery  is  the  most  promising  candidate  for  its  high  theoretical  spe¬ 
cific  capacity  of  1675  mAhg-1,  based  on  the  complete  reactions  of 
sulfur  with  lithium  metal  to  form  Li2S  [  1  -3  ].  In  addition,  the  cathode 
material  sulfur  also  has  the  advantage  of  abundance  in  nature  and 
low  cost  [4].  However,  sulfur  exhibits  poor  electrochemical  activity 
for  its  insulating  nature  [5-8].  The  lithium  polysulfides  generated 
during  the  charge/discharge  process  is  soluble  in  the  organic  liq¬ 
uid  electrolyte.  The  dissolved  polysulfides  are  able  to  transfer  to 
the  lithium  anode  by  a  shuttle  mechanism  and  cause  lithium  corro¬ 
sion,  which  is  ascribed  to  the  capacity  fading  [9].  Numerous  studies 
focused  on  diminishing  the  negative  effect  of  the  poly  sulfides  shut¬ 
tle  by  retaining  the  polysulfides  at  the  cathode  region  through  high 
surface-area  adsorbents.  Conductive  polymer  [10,11],  active  car¬ 
bon  [12],  and  multiwalled  carbon  tube  [13]  have  been  reported  as 
an  absorbing  agent  in  lithium/sulfur  battery  due  to  their  strong 
absorbing  ability  to  the  polysulfides  and  high  electronic  conductiv¬ 
ity.  However,  the  microstructure  of  the  conducting  agent  needs  to 
be  optimized  to  satisfy  the  ions  transportation  during  the  repeated 
charge/discharge  process.  It  should  have  enough  space  to  carry  the 
electrochemical  active  sulfur  and  maintain  intimate  contact  with 
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sulfur.  Recent  reports  suggest  that  porous  carbon  is  a  promising 
matrix  for  sulfur  [14-16].  This  is  because  that  the  porous  carbon 
could  provide  an  extremely  high  surface  area  to  disperse  sulfur. 
However,  the  structure  of  the  most  reported  porous  carbon  could 
not  disperse  sulfur  homogenously  for  the  lack  of  uniform  holes. 
Therefore,  it  is  a  key  to  design  an  ordered  structure  for  the  porous 
carbon  to  ensure  a  well  dispersion  of  sulfur. 

In  this  study,  ordered  mesoporous  carbon  spheres  (OMCs)  with 
uniform  penetrating  channels  were  employed  to  act  as  the  con¬ 
ductive  agent.  Active  sulfur  was  highly  dispersed  in  the  channels 
and  maintained  intimate  contact  with  the  electrically  conductive 
matrix.  To  further  alleviate  the  polysulfides  shuttle,  all-solid-state 
PEOi8Li(CF3SO2)2N-10wt%SiO2  electrolyte  was  used  to  replace  the 
commercial  organic  electrolyte  and  it  can  be  acted  as  a  barrier  to 
trap  polysulfides  at  the  cathode  side.  As  a  result,  the  lithium  sulfur 
battery  showed  an  improved  cycling  performance. 


2.  Experimental 

The  ordered  mesoporous  carbon  spheres  (OMCs)  were  synthe¬ 
sized  with  spherical  mesoporous  silica  as  a  hard  template  [17]. 
S-OMCs  composite  was  synthesized  by  heating  the  mixture  of  sul¬ 
fur  and  OMCs  at  155°C  for  4h  under  N2  protection.  Sulfur  has 
the  lowest  viscosity  at  155  °C  and  can  penetrate  into  the  channels 
of  the  OMCs.  The  sulfur  content  in  the  S-OMCs  composite  mea¬ 
sured  by  TG-DSC  was  about  67  wt%.  The  specific  surface  area  of 
the  as-prepared  OMCs  measured  by  BET  testing  was  1340.2  m2  g-1 , 
and  440.2  m2  g-1for  the  S-OMCs  composite.  The  sample  was  char¬ 
acterized  by  X-ray  diffraction  (XRD,  Rigaku  RINT-2000)  with  Cu 
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Fig.  1.  TEM  micrographs  of  the  as-prepared  OMCs  (a)  and  S-OMCs  (b). 


Ka  radiation  to  identify  the  phases  formed.  Transmission  electron 
microscope  (TEM  JEM-2010)  was  applied  to  observe  the  morphol¬ 
ogy  the  as-prepared  materials. 

PEOi8Li(CF3SO2)2N-10  wt%Si02  electrolyte  was  prepared  in  an 
argon-filled  glove  box.  The  stoichiometric  PEO  (Mw  =  6  x  105)  and 
Li(CF3S02)2N  were  dissolved  in  acetonitrile  and  Si02  powder  was 
further  added.  The  slurry  was  stirred  for  12  h  and  cast  on  a  Teflon 
sheet,  and  then  was  kept  stationarily  for  12h.  After  the  solvent 
evaporated  at  65  °C,  the  electrolyte  film  was  dried  under  vacuum 
at  90  °C  for  1 2  h  to  remove  the  residual  solvent.  The  conductivity  of 
the  PEO  electrolyte  is  5  x  10-4  son-1  at  70 °C. 

Electrode  containing  60wt%  of  the  as-prepared  S-OMCs  com¬ 
posite,  20wt%  PEO  binder  and  20wt%  acetylene  black  was  made 
by  coating  the  slurry  of  electrode  components  in  acetonitrile  onto 
aluminum  foil  and  dried  at  60  °C  under  vacuum  for  12h.  Pristine 
sulfur  cathode  with  the  same  sulfur  content  was  also  prepared  for 
comparison.  2025  coin  cells  were  assembled  by  sandwiching  the 
PEO  electrolyte  film  (0.18  mm)  between  a  lithium  foil  and  the  as 
prepared  sulfur  cathode.  The  galvanostatic  charge/discharge  tests 
were  conducted  on  a  LAND  CT2001 A  battery  test  system  in  a  voltage 
range  of  1. 0-3.0  V  (vs.  Li/Li+)  at  a  current  density  of  0.1  mAcm-2. 
AC  impedances  were  measured  by  a  Frequency  Response  Analyzer 
(FRA)  technique  on  an  Autolab  Electrochemical  Workstation  over 
the  frequency  range  from  0.01  to  106Hz.  The  cyclic  voltammetry 
experiments  were  performed  on  a  CHI604  Electrochemical  Work¬ 
station  with  a  scan  rate  of  0.5  mV  s-1.  All  the  cells  were  tested  at 
70  °C. 


3.  Results  and  discussion 

Fig.  la  shows  the  TEM  images  of  the  as-prepared  ordered  meso- 
porous  carbon  sphere  (OMC).  The  average  diameter  of  the  carbon 
sphere  is  approximately  120nm.  The  mesoporous  channels  are 
arranged  uniformly  through  the  sphere.  The  center-to-center  pore 
distance  is  about  5  nm.  After  the  sublimed  sulfur  penetrated  into  the 
channels  of  the  OMCs  by  heating,  the  ordered  pattern  of  the  outside 
and  inner  channels  of  the  carbon  spheres  turned  into  ambiguity, 
as  shown  in  Fig.  lb.  Comparison  of  the  TEM  images  of  the  OMCs 
with  the  S-OMCs  composite  accordingly  confirmed  that  sulfur  was 
loaded  in  the  channels  of  the  OMCs. 

The  XRD  patterns  of  the  as-prepared  S-OMCs  composite  and 
OMCs  are  shown  in  Fig.  2.  Both  the  sublimed  sulfur  and  the  sulfur 
in  the  S-OMCs  composite  belong  to  the  Fddd  orthorhombic  crystal 
system,  indicating  that  the  sulfur  loading  process  for  the  S-OMCs 
composite  did  not  bring  any  structure  change  for  sulfur. 
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Fig.  2.  XRD  patterns  of  the  sublimed  sulfur  (a),  the  as  prepared  OMCs  (b)  and  the 
S-OMCs  (c). 


Fig.  3.  CV  curves  of  the  S-OMCs  composite  cathode  with  PEO-based  electrolyte  at  a 
scan  rate  of  0.5  mV  s_1 ,  tested  at  70  °C. 
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Fig.  4.  Charge/discharge  curves  of  the  S-OMCs  composite  cathode  vs.  Li  at  current 
density  of  0.1  mAcirr2,  tested  at  70  °C. 

Cyclic  voltammogram  of  the  S-OMCs  composite  is  given  in  Fig.  3. 
The  material  exhibits  two  pairs  of  reversible  peaks,  which  are 
assigned  to  the  typical  responses  of  the  two  step  reactions  of  sulfur 
with  lithium  [18].  As  demonstrated  above,  the  sulfur  was  highly 
trapped  in  the  channels  of  the  OMCs  matrix.  Therefore,  the  elec¬ 
trochemical  reactions  between  sulfur  and  lithium  during  the  first 
discharge  process  might  overcome  the  strong  absorbing  energy  of 
the  OMCs,  resulting  in  a  shift  towards  a  lower  potential  for  the 
cathodic  peak  at  1 .8  V  vs.  Li/Li+  [7,1 2].  The  current  of  the  anodic  peak 
for  the  S-OMCs  increased  slightly  with  initial  several  cycles  and 
then  remained  to  be  constant,  implying  an  activation  process  dur¬ 
ing  the  lithium  ion  insertion/extraction  process.  Compared  with  the 
lithium  sulfur  battery  with  organic  liquid  electrolyte,  the  cathodic 
peak  at  ca.  2.4  V  for  the  S-OMCs  composite  based  on  all-solid-state 
PEO  electrolyte  still  existed  during  all  the  cycles  [7,16]. 

Fig.  4  shows  the  charge  and  discharge  curves  of  the  S-OMCs  com¬ 
posite  vs.  Li/Li+.  The  charge/discharge  curves  represented  a  typical 
characterization  of  Li/S  batteries  [7-16].  Two  discharge  voltage 
plateaus  at  ca.  2.3  V  and  ca.  2.0  V  were  observed.  It  was  accordance 
with  the  CV  measurements  in  Fig.  3.  The  initial  discharge  capacity 
is  about  1265.5  mAhg-1  with  an  initial  coulombic  efficiency  of  ca. 
70%.  It  is  widely  reported  that  lithium  sulfur  battery  shows  low  effi¬ 
ciency  at  the  first  few  cycles  [7,10,12].  Poor  interface  between  the 
electrolyte  and  Li  anode  is  believed  to  plays  an  important  role  to 
the  low  efficiency.  Moreover,  the  low  efficiency  is  also  attributed  by 
the  sulfur  cathode.  The  volume  change  of  the  sulfur  cathode  during 
cycling  could  lead  to  the  poor  contact  of  the  active  sulfur  and  the 
PEO  electrolyte  [19]. 

Impedance  spectrums  of  the  Li/S  half  cell  with  the  S-OMCs 
composite  were  compared  to  that  based  on  the  pristine  sulfur,  as 
shown  in  Fig.  5.  The  bulk  resistances  of  both  cells  at  high  frequency 
decreased  dramatically  with  the  cycles.  It  was  due  to  the  gradually 
reduced  thickness  of  the  solid  electrolyte  arising  from  the  flexibil¬ 
ity  of  PEO  at  70  °C  under  a  high  pressure  on  its  sides  in  the  testing 
cells.  The  semi-circles  at  higher  frequency  are  corresponding  to  the 
charge  transfer  resistance  (Ret)  at  the  interface  of  cathode/PEO  elec¬ 
trolyte  and  the  inclined  line  in  low  frequency  region  is  the  diffusion 
impedance  of  lithium  atoms  in  the  composite  (Warburg  effect). 
The  pristine  sulfur  showed  an  increased  Ret  after  the  first  cycles. 
On  the  contrary  Ret  of  the  S-OMCs  composite  decreased  dramat¬ 
ically  with  cycles  and  was  much  lower  than  that  of  the  pristine 
sulfur.  It  suggests  that  the  composite  structure  of  S-OMCs  is  favor¬ 
able  for  obtaining  an  improved  interfacial  compatibility  with  the 
all-solid-state  PEO  electrolyte  compared  to  pristine  sulfur. 
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Fig.  5.  EIS  spectrum  for  the  Li/S  half  cell  with  S-OMCs  composite  and  pristine  sulfur 
as  cathode  between  0.01  and  106  Hz,  tested  at  70  °C. 

The  cycling  performance  of  the  S-OMCs  composite  was  com¬ 
pared  to  that  of  the  pristine  sulfur,  as  shown  in  Fig.  6.  The 
S-OMCs  composite  exhibits  excellent  cycling  durability.  The  dis¬ 
charge  capacity  remained  to  be  ca.  800  mAh  g-1  after  25  cycles  vs. 
1265.5  mAh  g-1  at  the  first  cycle,  meaning  the  capacity  retention 
rate  of  ca.  65%.  In  contrast,  pristine  sulfur  shows  a  poor  cycling 
stability  with  a  rapid  discharge  capacity  fading.  After  25  cycles  the 
capacity  retention  was  only  22%,  meaning  that  the  discharge  capac¬ 
ity  decreased  from  1 100  mAh  g-1  at  the  first  cycle  to  240  mAh  g-1 
at  the  25th  cycle.  The  obvious  improvement  of  the  cycling  stability 
of  the  S-OMCs  composite  would  be  attributed  to  several  factors.  The 
highly  dispersed  sulfur  in  the  nanosized  channels  of  the  OMCs  can 
successfully  alleviate  the  volume  effects  of  the  Li/S  electrochem¬ 
ical  reaction.  The  large  specific  surface  area  originated  from  the 
uniform  mesoporous  channels  in  the  OMCs  can  restrict  the  diffu¬ 
sion  of  the  poly  sulfides  during  the  charge/discharge  process,  which 
was  proved  by  the  EDS  analysis  of  the  sulfur  content  on  the  surface 
of  the  lithium  anodes  after  10  cycles  with  different  cathodes.  As 
shown  in  Fig.  7,  the  sulfur  on  the  lithium  with  S-OMCs  cathode  is 
much  lower  than  that  of  the  lithium  with  pristine  sulfur  cathode. 


Fig.  6.  Cycling  performance  of  the  Li/S  half  cell  with  S-OMCs  composite  and  pristine 
sulfur  as  cathode,  0.1  mAcirr2,  tested  at  70 °C. 
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Electron  Image  1 


Electron  Image  1 


Fig.  7.  EDS  spectrums  of  the  surface  of  the  lithium  anode  with  (a)  S-OMCs  composite  cathode,  and  (b)  with  pristine  sulfur  cathode,  the  scale  bar  is  50  |jim. 


In  addition,  the  intimate  contact  of  the  nano-dispersed  sulfur  with 
the  OMCs  matrix  can  highly  ensure  a  good  electrical  path  for  the 
active  sulfur  during  the  repeated  charge/discharge  processes. 

4.  Conclusion 

Mesoporous  carbon  sphere  with  the  uniform  channels  (OMCs) 
was  employed  as  the  conductive  agent  in  the  sulfur  cath¬ 
ode  for  the  lithium  sulfur  battery  based  on  all-solid-state 
PEOi8Li(CF3SO2)2N-10wt%SiO2  electrolyte.  Sulfur  was  penetrated 
into  the  channels  of  the  OMCs  by  a  co-heating  method.  Owing  to 
the  proper  structure  of  the  conductive  matrix  of  OMCs  as  well  as 
its  intimate  contacting  with  sulfur,  the  S-OMCs  composite  exhibits 
excellent  cycling  performance  compared  with  the  pristine  sulfur.  A 
reversible  discharge  capacity  of  about  800  mAhg-1  after  25  cycles 
was  obtained.  The  S-OMCs  composite  is  a  promising  cathode  mate¬ 
rial  for  rechargeable  lithium  sulfur  battery. 
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